Increasing precipitation extremes are one of the possible consequences of a warmer climate.
| INTRODUCTION
Floods arising from extreme rainfall events are one of the most costly and dangerous natural hazards worldwide (Hallegatte, Green, Nicholls, & Corfee-Morlot, 2013; Knapp et al., 2008) . Understanding and quantifying potential changes to the magnitude of extreme rainfall is thus fundamental for the design of urban hydraulic systems and flood assessments. Specifically, observations of annual maximum rainfall (AMR) events are necessary to derive Depth-Duration-Frequency (DDF) curves, which, in turn, are used for the hydrological design of flood control infrastructure and water management systems. The DDF curves, or intensity-duration-frequency curves, are usually developed by fitting a theoretical distribution to the AMR at different sub-daily and sub-hourly durations. Therefore, understanding the possible future changes in short-duration rainfall might enable quantification of how DDF curves may consequently change and the possible effects on urban hydrology.
Evidence of positive trends in observed extreme rainfall has been demonstrated by several studies for daily and sub-daily timescales (Adamowski, Adamowski, & Bougadis, 2010; Alexander et al., 2006; Arnone, Pumo, Viola, Noto, & La Loggia, 2013; Bonaccorso & Aronica, 2016; Brunetti, Buffoni, Maugeri, & Nanni, 2000; Burn, Mansour, Zhang, & Whitfield, 2011; Min, Zhang, Zwiers, & Hegerl, 2011; Villarini et al., 2011; Wang et al., 2014) . The Mediterranean area has been demonstrated to be one of the regions most affected by changes in climate, indicated as one of the major "hot-spots" in future climate projections (Giorgi, 2006) . Works on historical observations have demonstrated that in some areas, sub-daily extreme rainfall is intensifying more rapidly than daily extreme precipitation (e.g., Arnone et al., 2013; Berg, Moseley, & Haerter, 2013; Bonaccorso & Aronica, 2016; Burn et al., 2011; Lenderink & Van Meijgaard, 2008) , with possible consequences for the increased occurrence of flash floods caused by short-duration rainfall (Forestieri, Caracciolo, Arnone, & Noto, 2016; Pumo, Caracciolo, Viola, & Noto, 2016) , though this pattern is not observed in all locations (Barbero, Fowler, Lenderink, & Blenkinsop, 2017) .
Precipitation extremes associated with particular dynamical regimes or particular precipitation types may respond differently to climate warming (O'Gorman, 2015) . In particular, sub-daily extremes are dominated by convective precipitation, which tends to be both of short-duration and spatially localized . It is then clear that quantifying and modelling the impacts of climate change on short duration rainfall remains an open and arduous challenge (ArnbjergNielsen et al., 2013; Nguyen, Desramaut, & Nguyen, 2010; O'Gorman, 2015; Olsson, Willén, & Kawamura, 2012; Westra et al., 2014) .
Products at finer resolution than those of Global Climate Models (GCMs) can be derived from Regional Climate Models (RCMs), which typically operate at 10-50 km and are driven through nested regional climate modelling. Studies based on both GCMs and RCMs indicate that the Mediterranean area will face a significant warming and summer precipitation decrease (e.g., Faggian & Giorgi, 2009; Giorgi & Lionello, 2008) . In particular, Faggian and Giorgi (2009) evaluated the projection of future climate change over the Italian greater alpine region by using 20 GCMs, but at very coarse resolution (i.e., 200 km). They found a decrease in mean annual precipitation (MAP) over the period 1990-2100, with a more pronounced reduction over Italy, but indicated the need for higher resolution climate models.
Similarly, Faggian (2015) evaluated climate change projections over the Mediterranean region, and in particular for Italy, using products derived from 10 RCMs at~25 km spatial resolution. The study confirmed the uncertainties that characterize model simulation of climate change over complex orography; specifically, the author indicated that the models' performances depend on the variable considered and/or the region investigated. The ability of current RCM simulations at different spatial resolutions (i.e., from 12 to 50 km) to reproduce the main features of the Mediterranean climate was also evaluated by Panthou, Vrac, Drobinski, Bastin, and Li (2016) . The RCM simulations of heavy precipitation showed a significant bias with the observations at 25 km, both in terms of spatial patterns and values, and they also found a general overestimation of extreme return levels of daily precipitation. As an example, outputs from four combinations of GCMs and RCMs from the ENSEMBLES project were used by Piras, Mascaro, Deidda, and Vivoni (2014) to force a hydrological model and evaluate the induced effects on hydrological processes over a catchment in Sardinia (Italy). A crucial step for their application was the bias correction and downscaling procedure in space and time to create highresolution products that clearly increases the projection uncertainties.
Both GCMs and RCMs are based on "convective" parameterization schemes to describe the average effects of convection. This is a simplified scheme that introduces model errors in the simulation of short duration precipitation extremes (Fowler & Ekström, 2009; Hanel & Buishand, 2010) . Very high-resolution models, known as "convection-permitting" models (CPMs), are needed to describe the convection explicitly, thus simulating large storms and mesoscale convective organization . CPMs have now been run at climate length scales over many regions (Ban, Schmidli, & Schär, 2015; Kendon et al., 2014 Kendon et al., , 2017 Tabari et al., 2016) and have many advantages in comparison to coarser resolution RCMs (Pereira, Fernandes, Macário, Gaspar, & Pinto, 2015) . The first CPM at climate length scales run for a future climate was at a resolution of 1.5 km over Southern England Kendon et al., 2017) . To date, CPM models (i.e., <4 km) are only available for limited regions of Europe, and do not provide full coverage of Italy, although a full Europe CPM run is underway with results expected in 2018 (Saeed et al., 2017; Tabari et al., 2016) .
Products of the Coordinated Regional Climate Downscaling Experiment (CORDEX; Giorgi, Jones, & Asrar, 2009 ) are available at 12 km spatial resolution for the whole Europe area (EURO-CORDEX), which allows for the simulation of daily rainfall. The climate projection framework within CORDEX is based on the set of new global model simulations in support of the IPCC Fifth Assessment Report (referred to as CMIP5). In order to estimate future changes in the sub-daily precipitation not covered by the high-resolution models (e.g., Italy), a temporal downscaling from the daily products is thus needed.
Several approaches for statistical temporal downscaling of precipitation time series have been suggested, including methods based on a point-process model (e.g., Glasbey, Cooper, & McGechan, 1995; Koutsoyiannis & Onof, 2001; Marani & Zanetti, 2007) . The disaggregation methodology developed by Koutsoyiannis and Onof (2001) generates hourly data from given daily totals using the Bartlett-Lewis model. Alam and Elshorbagy (2015) used the K-nearest neighbour technique to disaggregate daily precipitation generated with a stochastic rainfall generator to hourly and sub-hourly scales, and thus evaluate the climate induced changes on DDF curves. Srivastav, Schardong, and Simonovic (2014) proposed the use of the Equidistance Quantile Matching methodology (also known as quantile-quantile mapping) as a downscaling method for GCM data (Lehmann, Phatak, Stephenson, & Lau, 2016; Simonovic, Schardong, Sandink, & Srivastav, 2016; Singh, Arya, Taxak, & Vojinovic, 2016) . The idea of this method is to apply a bias correction derived from the differences between observed data and GCM/RCM outputs for a baseline period (quantile mapping functions), which are then used to modify the GCM/RCM outputs in future periods, from which DDF curves are then calculated. The quantile mapping functions are directly applied to AMR to establish the statistical relationships between AMRs for GCM generated daily precipitation data and observed daily and sub-daily data. Other possible approaches are based on the use of statistical weather generators capable of reproducing time series of weather variables, including precipitation, by preserving the internal structure of the precipitation process, the observed statistical properties and, in the case of GCM projections, the changes in GCM values between the projection horizon and observed period (Walsh, 2011) . With respect to modelling complexities and uncertainty, the downscaling method based on the quantile-quantile mapping procedure is relatively simple and computationally efficient (Simonovic et al., 2016) .
The climate scenarios and related changes in rainfall statistics have been transferred to changes in flood frequencies of sewer systems and overflow frequencies of storage facilities. It is clear that this might have a significant impact on future urban water management and planning, and some adaptation strategies will be required (e.g., Dale et al., 2017; Neumann et al., 2015; Semadeni-Davies, Hernebring, Svensson, & Gustafsson, 2008; Willems, 2013) .
In this study, we focus our analysis on the Mediterranean island of Sicily (Italy), where the evidence of statistically significant trends of extreme rainfall at daily and sub-daily have been demonstrated in the past by Aronica, Cannarozzo, and Noto (2002) , Arnone et al. (2013) , and more recently by Bonaccorso and Aronica (2016) . The research has been focused on two specific urban areas. Different studies have designed and developed Regional Frequency Analysis (RFA) procedures to estimate the parameters of DDF curves at the regional scale (e.g., Cannarozzo, D'asaro, & Ferro, 1995; .
More recently, Forestieri et al. (2017) have proposed an updated RFA for Sicily that provided a different classification of statistically homogeneous regions based on the identification of the most representative statistical distribution of the rainfall characteristics.
On the basis of this latest proposed regionalization, here we investigate how we might reliably quantify the impact of climate change on sub-daily extreme precipitation over the Mediterranean island of Sicily (Figure 1a) . The locations of the two main metropolitan areas of Sicily are also shown in Figure 1a . Palermo is located on the north coast of Sicily, facing the Tyrrhenian Sea; the urban area comprising a population of~850,000, its metropolitan area is the fifth most populated in Italy. Catania faces the Ionian Sea on the east coast of Sicily, the population of the central urban area is estimated at~315,000.
The orography of the island is highly variable, with elevation ranging from 0 to 3,320 m a.s.l. in the eastern part of the region. Precipitation over the region is influenced by elevation, and thus is characterized by significant spatial variability. The spatial distribution of MAP is shown in Figure 1b 
| Gauge-rainfall observations
Rainfall data have been retrieved from the local hydrological observatory database managed by Osservatorio delle Acque, Regione Sicilia (hereinafter OA). For the purposes of this work, two types of data were needed: the daily rainfall totals, from which the annual maximum daily rainfall were derived, and the annual maxima at durations of 1, 3, 6, 12, and 24 hr (AMR d ), which, hereafter, will be referred to as sub-daily. The OA rain gauge network consists of a total of 314 stations, with rainfall records starting from 1928; a full description of the dataset with statistical details of rainfall properties are provided by Arnone et al. (2013) and Di Piazza et al. (2011) . Currently, sub-hourly rainfall data are not available from this database (Caracciolo, Arnone, Conti, & Noto, 2017) .
For this work, the selection of rain gauges and historical period of observation was constrained by the availability of the corresponding RCM outputs (see Section 2.2). Overall, daily rainfall totals were so often, the RCMs tend to overestimate the number of wet days, and thus total precipitation is also overestimated (Dosio, 2016) . In order to reduce this "drizzle effect," the RCM daily precipitation outputs were modified so that the monthly frequency of rain days matched that of the observed record.
In this study, we adopted a bias-adjustment technique based on the quantile-quantile mapping transformation developed by Boé, Terray, Habets, and Martin (2007) and C. Piani, Weedon, et al. (2010) , and widely used to correct and downscale RCM precipitation outputs (e.g., Dosio & Paruolo, 2011; Gudmundsson, Bremnes, Haugen, & Engen-Skaugen, 2012; C. Piani, Haerter, & Coppola, 2010 ). This methodology is here used to correct the simulated precipitation for the control period and future projections, and to downscale precipitation from daily to hourly timescales. Operatively, we used the R-package "qmap" for Statistical Transformations for Post-Processing Climate Model developed by Gudmundsson et al. (2012;  https:// cran.r-project.org/web/packages/qmap/qmap.pdf).
The results of the corrected RCM products and their ability to reproduce historical rainfall characteristics were analysed in terms of growth curves at a given duration in particular for the two selected metropolitan areas.
| Quantile-quantile mapping
The quantile-quantile mapping transformation developed by Boé et al. and its parameterization for current climate conditions do not change over time and are also valid for future conditions. In general, the statistical transformation can be formulated as
where P obs indicates the precipitation from the historical observed dataset and P RCM the precipitation from the corresponding simulated RCM dataset. If the probability distribution of the variables is known, the transformation can be written as where
obs is the inverse CDF corresponding to P obs and F RCM is the CDF of P RCM . The target of this approach is then to find the arbitrary function that may approximate the transformation.
According to C. Piani, Weedonv, et al. (2010) and Boé et al. (2007) , the statistical transformation can be both parametric and non-parametric functions. In the case of parametric transformations (C. Piani, Weedon, et al., 2010) , the quantile-quantile relation can be expressed by using two or more parameter relations, commonly linear, exponential, or power (Dosio & Paruolo, 2011; Gudmundsson et al., 2012; C. Piani, Weedon, et al., 2010) . All parametric TFs are fitted to the fraction of the CDF corresponding to the observed non-zero values, that is, to the observed wet days. This procedure was applied for each cell by setting the precipitation equal to zero for any day with precipitation lower than a threshold calculated so that the monthly frequency of wet days becomes identical to that of the observed time series for this grid cell (Lafon, Dadson, Buys, & Prudhomme, 2013) . In the case of the linear parametric transformation, the TF is formulated as follows:
where P RCM,cor denotes the corrected precipitation from RCM model and a and b are the parameters of the TF that are estimated by solving
In order to estimate the parameters, the dataset is organized so that each RCM cell grid corresponds to one selected rain gauge (C. Piani, Weedon, et al., 2010) . Therefore, values of each of the two datasets can be univocally identified throughout the geographic coordinates of the grid point of RCMs and observations, that is, longitude, φ, and latitude, θ, and the recording data, that is, day, month, and year indicated as d, m, and y, respectively. According to C. Piani, Weedon, et al., (2010) , TF parameters can be estimated monthly, and therefore, data at each grid point can be sorted by precipitation depth so that the two datasets are characterized by the following:
where i is the index value so that
within each month and for the entire dataset.
Instead of assuming parametric distributions, the TF can also be derived using the empirical CDF of observed and modelled values (e.g., Boé et al., 2007; Themeßl, Gobiet, & Heinrich, 2012) , which constitutes parametric or non-parametric transformations. The parametric transformations can be achieved by using simple theoretical distributions (e.g., linear, exponential), whereas in the case of non-parametric transformations, the function is derived based on the empirical CDF of observed and modelled values evaluated at regularly spaced quantiles (Gudmundsson et al., 2012) , instead of assuming parametric distributions. Values in between the percentiles are approximated using linear interpolation.
In order to identify the best TF, we applied and compared the parametric linear transformation (PAR-LIN) and the non-parametric transformation function (QUANT) based on the quantile mapping.
Overall performance for each RCM was measured using the spatial mean absolute error (MAE) between the observed and the corrected modelled value of the daily precipitation.
| Temporal downscaling
The methodology based on the quantile-quantile mapping approach was also used to perform a temporal downscaling of daily precipitation to the hourly scale, following Srivastav et al. (2014) , who proposed the use of the method for updating DDF curves under climate change.
It is based on the observed correlation between extreme rainfall at different subsequent durations, that is, daily-24, 24-12, 12-6 hr, etc.
by assuming that this correlation remains invariant in the future. Given the annual maxima daily and sub-daily observed rainfall values, a nonparametric TF can be estimated according to the quantile-quantile mapping approach for each temporal step down to 1 hr. The five TFs, obtained by a comparison of the empirical CDF for each station, are evaluated from the pairs of data relative to different durations, e.g.
daily-24, 24-12 hr, etc. The process of temporal downscaling thus follows a "cascade method": the 24 hr maxima dataset is obtained from daily data through a TF; 12 hr maxima are generated from 24 hr maxima data previously obtained and so on until the lowest duration of 1 hr maxima.
As for the bias correction method, the procedure was applied to both control and future projections of rainfall from each RCM.
| RFA and DDF curves
The analysis of extreme rainfall events was conducted by following a RFA procedure as presented by Forestieri et al. (2017) , who provided up-to-date growth curves and index value parameter maps for the estimation of precipitation quantiles in Sicily. The authors introduced a new classification of statistical homogenous climate zones (or regions) for Sicily, which were identified based on a more complete analysis that includes several auxiliary variables.
The configuration of the regions is depicted in Figure 2 , which classifies Sicily into six statistically homogenous zones, specifically two in the central area, that is, centre north (CN) and centre south (CS), three in the northern area, that is, north central (NC), north east
The six statistically homogenous rainfall regions for Sicily (Forestieri et al., 2017) . Palermo metropolitan area falls within NW and CN regions, whereas Catania metropolitan areas falls within NE, CS, and SE regions (NE), and north west (NW) and, finally, one in the southern area, that is, south east (SE). The number of rain gauges in each region ranges from 63 (CN) to 23 (NE) for daily data and 34 (CN) to 10 (NE) for hourly data; however, the regions with the lowest gauge density are CS and SE. It should therefore be noted that a low number of stations could provide a greater uncertainty in the growth curve estimates when compared to regions with a higher number of stations (Forestieri et al., 2017) .
As in Cannarozzo et al. (1995 , and Forestieri et al. (2017), we followed the index flood method, which involves the estimation of the growth curves and index values by using a hierarchical regional approach with different spatial aggregation levels. Among the different probability distributions investigated by Forestieri et al.
(2017), we selected the three parameter Log-Normal distribution, which provides the best compromise between best fitting and overparameterization. The L-moments approach (Hosking & Wallis, 2005) was used to estimate the parameters of the distribution. 
The bias correction was applied to RCM data testing two different transformation functions, that is, linear-parametric and non-parametric empirical quantile. The overall performance of the two transformation functions have been assessed by evaluating the MAE, as suggested by several studies (Gudmundsson et al., 2012; . The MAE gives a measure of how close the corrected empirical CDFs are to the observed empirical CDF. We quantified the transformation errors on a dataset different to that used for calibration.
Therefore, the available daily precipitation datasets, of all the rain gauges and the RCMs, were split into two subsets relative to two periods, that is, 1972-1987 and 1988-2003, used for calibration and validation, respectively. 
| Daily extremes
The results of daily extremes are analysed in terms of growth curves, which plot the growth factor h′(T) (i.e., growth factor dimensionless quantile) as a function of the return period, T. The T-year growth factors (i.e., the T-year values of the CDF of dimensionless data; furthermore, the term "growth curve" denotes a set of growth factors for different return periods) and precipitation quantiles are estimated using the L-moment-based index storm procedure (Hosking & Wallis, 2005) . RCM6 (NE) and RCM10 (CS, CN, NW) produce the highest and steepest growth curve in almost all the regions. In the NC region, variation across the estimated growth curves is more limited, whereas in the NE region, the growth curve estimated with RCM6 varies significantly from the others, thus increasing the ensemble range. Indeed, the general behaviour of the growth curves estimated from the uncorrected RCMs with respect to the observed growth curve is regionally dependent, and thus is slightly different for the two analysed metropolitan areas. This could also be related to the fact that the NE region is characterized by the least number of rain gauges and has a particular orography. This region is characterized by mountains in proximity to the sea that often generates precipitation by orographic lift. Only in the NW region do all models overestimate the growth factors; this part of Sicily is the flattest area of the island, which may affect the regional climate modelling. In regions SE and NE, most of the models underestimate the growth curve, whereas in the central part of Sicily, the observed growth curve is more central in the ensemble range. The eastern regions are those with the steepest growth curves, denoting a higher variation with the return period. As a consequence of the above features, the variation of the growth curves across the Catania metropolitan area is higher than across Palermo.
Bias correction clearly leads to a decrease in the model ensemble uncertainty, with similar growth curves to the observations (Figure 4 b), and thus a significant improvement. After bias correction, the RCMs tend to slightly underestimate the growth coefficient for higher return periods in the southern and eastern part of Sicily (i.e., CS, SE, and NE regions, which include the Catania metropolitan area), as well as for most of the models in the NC region. In the other regions, and thus for Palermo metropolitan area, the RCMs tend to slightly overestimate the growth curve for long return periods.
In order to quantitatively evaluate the matching between the observed and the RCM-derived quantiles, as well as the improvement introduced by the bias correction method, we determined the statistics reported in Figure 5 in terms of (a) bias, that is, the mean of the differences between simulated and observed values of the variable, and (b)
Root Mean Square Error (RMSE) as a function of the return period.
Specifically, these statistics were evaluated over each of the six regions by computing the median among the 11 RCMs and the mean across the stations belonging to each region. This indicates that the uncorrected RCM simulations lead to a significant overestimation of the quantiles in NC, NW, CN, and CS, as the return period increases, especially in the NW region. In the other two regions located in the eastern part of the island (SE and NE), the bias indicates that the models underestimate the quantiles. After correction, the bias is clearly reduced, with CS and NC subsequently characterized by smaller bias.
Figure 5b provides the corresponding RMSE, before and after correction; in this case, one can observe that NW and NE benefit most from the correction. The RMSE is significantly reduced especially for very long return periods; for example, at 100 years, for the NW and NE, it varies from~1.5 (before correction) to less than 0.25 (after correction), denoting the effectiveness of the methodology. In all regions, the RMSE of the corrected series is less than 0.5, even for long return periods. Overall, the analysis of the growth curves for the current period indicates that the RCMs, after the appropriate correction, are able to reasonably reproduce the variation with the return period of the quantiles at the daily timescale. Hereinafter, we will analyse only the corrected RCM data by omitting the "corrected" term for brevity. 
| Hourly extremes
This section analyses the results of the temporal downscaling, based on the quantile-quantile mapping method, which first derives subdaily precipitation series from daily precipitation, and second, estimates the annual maximum precipitation at given durations, for both the current period and future RCM projections. The TF parameters have been estimated by making use of the historical observations , that is, daily-24, 24-12, 12-6 hr, etc., was high, as demonstrated by values of the coefficients of determination between the annual maximum value of precipitation (Table 3) , confirming the hypothesis of a strong correlation between pairs of the subsequent durations.
For the sake of clarity, Figure 7 reports the empirical cumulative probability distribution of the observed and simulated series for 1, 3, 6, 12, and 24 hr for one rain gauge and the corresponding grid cell in the metropolitan area of Palermo (a) and Catania (b). For Palermo, the sub-daily annual maxima rainfall are well reproduced by the RCM ensemble, even if some extreme values are slightly underestimated over most accumulation periods. The empirical cumulative probability distributions for Catania are to the right with respect to those of Palermo, denoting that, in this area, rainfall extremes are heavier, in accordance with past studies (Cannarozzo et al., 1995 . Here, the uncertainty associated with the RCMs is greater; most of the models underestimate the extreme values, although some models are able to capture the heaviest precipitation at a given duration. It is then evident that the proposed methodology for the temporal downscaling is able to capture the statistical relationship between the RCM data and the sub-daily historical data. As before, the estimated TF parameters were then applied to the future RCM projections in order to assess how sub-daily extremes are likely to change in the future. Ideally, urban drainage system design requires knowledge of rainfall depth intensity values over shorter durations (e.g., Carbone, Turco, Brunetti, & Piro, 2015 , Pereira et al., 2015 , with daily or hourly data disaggregated to a shorter time step using the statistical relationships between high temporal resolution and lower resolution records (e.g., Pereira et al., 2015) . However, the lack of sub-hourly rainfall observations here did not allow such downscaling to higher resolutions.
Following the regional analysis described in Section 3.3 and in Forestieri et al. (2017) , we derived the growth curves for each homogenous region, each duration, and for the two future projection horizons. For the sake of brevity, we report in Figure 8 the results obtained for 2050-2100 and for 1 (a) and 12 hr (b). In all regions, it is evident that the future projections lead to a raising and steepening of the growth curves as the return period increases. The regions NC, NW, and CN are characterized by a wider range of uncertainty, although in all three cases, this is a result of the "outlier" curve produced by RCM4. Growth curves at 12 hr duration (i.e., longer durations; Figure 8b ) are characterized by slightly gentler slopes than those of 1 hr duration (i.e., shorter duration); this means that the growth curves tend to be more amplified for shorter durations. The ensemble range is also narrower, and thus the uncertainty decreases at this longer duration.
| Changes in DDF curves
Changes in the DDF curves are analysed for the two selected rain gauges within the metropolitan areas of Palermo and Catania The variability depicted by the interquartile range of the boxplots, ranges from a few millimetre at 5 years to about 20 mm at 100 years, denoting that, for this case, the RCM outputs project similar results.
However, in some cases, there is strong variability in terms of low and high extremes (minimum and maximum whiskers), such as for the very short durations (i.e., 1, 3, 6 hr) at 50 and 100 years.
In the case of Catania (Figure 9b ), the historical DDF curves are slightly higher than those for Palermo, confirming that this part of the island is usually characterized by heavier precipitation. The DDF curves derived from the RCMs under the climate change scenario show a higher variability, which significantly increases with duration and even more with return period. For all four return periods, the variation of the future quantiles with respect to the historical quantiles does not increase linearly with the duration, with higher increases at longer durations. In some cases, the quantiles obtained with some RCM models provided lower values than those obtained with the historical data, such as for 3, 6, and 12 hr at 10 years, 6, 12, and 24 hr at 50 years, and 6 hr at 100 years. This could be due to the structural uncertainty associated with the regional climatic models, as well as the uncertainty derived from the temporal downscaling procedure.
In terms of return period, the median of the DDF curves of the future scenario for return periods greater than 10 years exhibit a more significant increase compared to Palermo; for example, the future 50 year DDF curve corresponds to the current 500 year DDF curve (not shown) for all durations.
The same results are reported in Figure 10 for the future time horizon 2050-2100. As expected, the median of the DDFs derived from the model ensemble shows a greater increase from the historical period, especially in the case of Catania for 50 and 100 year return periods, where the quantiles show greater variability as shown in the box plots. However, it simultaneously increases the variability among the model ensemble. In particular, the higher increases of the 100 year return period estimates for Catania (e.g., 12 and 24 hr) are also characterized by higher variability.
The corresponding changes of the ensemble median DDF curve with respect to the historical period are reported in Table 4, for the short durations but high return periods, the changes are more or less similar.
The commonly used power-law function of type H(d, T) = ad^n , where a and n are site-specific parameters, was fitted to the observed sub-daily quantiles at given return period and to the median of the subdaily quantiles obtained from the RCM ensemble. The corresponding parameters are reported in Table 5 , together with the changes of the parameters with respect to the historical DDFs. In the case of Palermo, parameter a, which is indicative of the quantile at the 1 hr duration, has a maximum increase of 68% (2050-2100), which occurs at the longest return period (100 years). The parameter n, which is indicative of the scaling of the quantile with duration, decreases by up to 24% (2050-2100), denoting a reduced variation of the quantile with duration for a given return period. For Catania, the increase in a is up to 74% (2050-2100 at 100 years), which denotes a more considerable variation of the quantile at the shortest durations; whereas n displays much lower changes of varying sign compared to Palermo.
The overall results indicate that for short durations, the increase in extremes is greater than that for longer durations, thus suggesting the idea that the intensification of extreme events is more evident for short duration precipitation, usually associated with convective events. This is consistent with some previous research on the intensification of extreme rainfall in relation to a warming atmosphere (Fowler & Kilsby, 2003) . The Clausius-Clapeyron relation (CC) suggests that if relative humidity remains constant, atmospheric humidity will increase at a rate that follows the saturation vapour pressure dependency on temperature according to the CC relation-a rate of~7% per°C of surface warming (e.g., Allen & Ingram, 2002) . Several studies have provided observational evidence of a~2× CC relationship for hourly extremes (e.g., Lenderink & van Meijgaard, 2008 Mishra, Wallace, & Lettenmaier, 2012) , which might suggest an amplified response to warming on these timescales and is consistent with the projections obtained here.
| SUMMARY AND DISCUSSION
This study has provided an insight into the potential impacts of climate change on extreme precipitation for the Mediterranean island of Sicily (Italy), starting from an ensemble of RCM simulations at the daily timescale. Changes in extremes clearly affect the shape of DDF curves, which are commonly used for the design of hydraulic infrastructure, The spatial resolution of the available RCM outputs for the Mediterranean area does not currently provide precipitation products at a sub-daily scale from CPMs, therefore, a temporal downscaling -2003 2005-2050 2050-2100 2005-2050 2050-2100 1972-2003 2005-2050 2050-2100 2005-2050 procedure is needed to estimate the precipitation for short accumulations. In this study, the products of the EURO-CORDEX with~12 km spatial resolution were used to accomplish different targets. Specifically, the main results and outcomes can be summarized as follows:
1. We demonstrated the capability of the available EURO-CORDEX RCM runs to reproduce extreme precipitation at the daily scale over Sicily. However, because precipitation in Sicily is strongly influenced by the highly variable orography (Di Piazza et al., 2011; Forestieri et al., 2017) , a bias correction method was necessary to reduce the errors between observed and simulated precipitation as demonstrated by other studies in other Mediterranean areas (e.g., Dosio & Paruolo, 2011; Dosio, 2016; C. Piani, Weedon, et al., 2010) . In particular, the non-parametric statistical transformation, based on the quantile method approach, provided successful results, allowing for a significant reduction of the bias between observed and simulated statistics, reducing the uncertainty range of the RCM ensemble despite both methods having theoretical limitations (White & Toumi, 2013) . The efficiency of the bias correction method was linked to the use of statistically homogenous regions developed by Forestieri et al. (2017) , which were used for the RFA. The growth curves at a given durations (i.e., 1 day) were derived from observed and simulated annual maxima for the "control period"
and the results demonstrate that RCM output could be reliably used to estimate extremes at the daily scale in Sicily after bias correction.
2. We analysed the impacts of climate change on the regional However, even in this case, the variability of the RCM projections was more substantial for the higher return periods and the longest future time horizon. Similar studies of DDFs (or intensity-duration-frequencies), for example, Mirhosseini, Srivastava, and Stefanova (2013) , obtained comparable outcomes; however, they did not assess the uncertainty associated with the RCMs.
Changes of the DDF curve parameters also indicated a significant increase of the quantile at the shortest duration (parameter a);
and a tendency for a reduced variation of the quantile with duration at a given return period (parameter n).
The changes in the DDF curves may have important implications
for the management of the existing urban hydraulic systems of the two analysed areas as well as for the severity and the frequency of urban floods in the two cities. The shift of the DDF curves towards heavier extreme events may determine the infrastructure deficit of micro and macro drainage facilities that will consequently be undersized to meet future demands, as demonstrated also in other studies (e.g., Tucci & Collischonn, 2000; Rodrìguez et al., 2014) . During heavy precipitation events, the water that flows in the pipe system returns to the street system if the capacity of the drainage system is insufficient, thus causing surface flooding. These dynamics are normally simulated through urban drainage models whose use in future works may allow us to evaluate the impacts on sewer surcharge and flooding of Palermo No assessment of projected changes in short-duration rainfall extremes for Sicily has previously been published to our knowledge.
However, it is clear that our findings (as well as those of other studies)
are affected by uncertainty associated with climate model errors and the use of convection parameterisation schemes, in addition to the temporal downscaling that is based on the assumption of stationarity of the TFs. The application of statistical tools for bias correction and disaggregation procedures however remains indispensable for reproducing sub-daily series, whereas ensembles of CPM simulations are not available. Such sub-daily series are an important requirement when climate forcing for hydrological models has to be generated. In the specific case of Sicily, the climate and hydrological regime is also strongly related to the highly variable topographic characteristics, which may increase the sources of uncertainty. Because a full Europe CPM run is underway with results expected in 2018, a future extension of this work will involve the comparison of our findings with those obtained from higher resolution climate models.
| CONCLUSIONS
This study has provided an overview of possible changes in extreme precipitation over Sicily, and in DDF curves for the two main metropolitan areas, induced by climate change, by using the outputs of an ensemble of RCMs. The consequent changes in the DDF curves showed that we may expect an intensification of extreme events, especially in the wetter east area of the island. As a possible consequence, an increase of severity and frequency of urban floods may be expected in the future, as well as a more frequent failure of the sewer system capacity if no appropriate management actions are taken. The procedure applied in this study provides a possible methodology that can be used to evaluate the potential changes in the DDF curves. Further applications in other locations represent a possible step of our research focusing on the urban drainage and flooding.
Design and optimisation of urban drainage infrastructure that considers climate change impacts is a further, new perspective for the future.
